S U M M A R Y Clinical and laboratory observations both suggest that it may be possible for action potentials to traverse, in a continuous manner and without interruption, demyelinated zones along some axons. This continuous mode of conduction requires the presence of sufficient numbers of sodium channels in the demyelinated region. One of the factors which will tend to prevent such conduction is the impedance mismatch at sites of focal demyelination, which may result in a reduction in current density sufficient to cause conduction failure. As part of an effort to examine the conditions which would promote conduction into, and beyond, the demyelinated region, we examined, using computer simulations, the effects of reduction in length of the proximal internodes closest to the demyelinated region. Our results indicate that reduction in length of the two internodes closest to the demyelinated region, to approximately one-third of normal length or less, will facilitate conduction beyond the plaque. The results suggest that reductions in internode length, which have been histologically observed along some demyelinated fibres, may have functional significance in terms of facilitating conduction past focally demyelinated zones.
. Finally, it has recently been shown experimentally that impulse conduction may occur in a continuous fashion along demyelinated regions as long as 500 iLm in fibres exposed to diphtheria toxin (Bostock and Sears, 1976) . These observations bring up an important question in the physiology of demyelinated fibres. Recent data suggest that in normal fibres, sodium channel density at nodes of Ranvier (12 000/Um2) is much higher than in the internodal axon membrane beneath the myelin (< 25/pIm2; Ritchie and Rogart, 1977) . On the other hand, the observations of conduction past regions of focal demyelination imply the existence of a sufficient density of sodium channels to support conduction in the demyelinated region of some fibres, and it has been suggested that sodium channel densities may change after demyelination (Ritchie and Rogart, 1977; Waxman, 1977) . However, computer simulations (Waxman, 1977) have demonstrated that the presence of a high density of sodium channels in the demyelinated region may not, in itself, ensure conduction past the site of demyelination. For example, conduction failure may occur at a single focally Conduction through dernyelinated plaques in multiple sclerosis demyelinated internode, even if ionic channel densities are as high in the demyelinated region as at normal nodes of Ranvier, as a result of impedance mismatch between the normal and demyelinated regions. Conduction block will occur as a result of failure of initiation of activity in the demyelinated region, if current density in the demyelinated area is sufficiently small because of the increased surface area of bared axonal membrane in the demyelinated zone. Thinning of myelin in areas adjacent to the bared region may contribute to current loss. The situation is similar to that at other regions of impedance mismatch-for example, at sites of axial inhomogeneity in non-myelinated axons (Khodorov et al., 1969; Ramon et al., 1975; Parnas et al., 1976) and at the junction between neuronal cell body and initial segment (Dodge and Cooley, 1973) , where safety factor is low and where conduction failure has been experimentally observed.
The elegant studies of Rasminsky and Sears (1972), which have been followed by the investigations of Bostock and Sears (1976) and Rasminsky et al. (1977) , have examined the physiology of conduction along abnormally myelinated fibres. The latter two studies provide experimental evidence for continuous conduction along portions of some demyelinated and amyelinated axons. The earlier computer simulation studies of Koles and Rasminsky (1972) were important in delineating some of the biophysical bases of abnormal conduction in demyelinated fibres, and were based on the assumption that membrane excitability remains confined to the nodes in demyelinated axons. As part of a programme to explore further the pathophysiology of multiple sclerosis and of mechanisms which might promote impulse conduction past demyelinated plaques, we have studied, using computer simulations, several possible mechanisms for continuous conduction along focally demyelinated axons. In this paper we present results which suggest that reduction in internode length proximal to a demyelinated region may promote conduction of impulses into, and past, that region. As noted in the Discussion, there is experimental evidence for reductions in internode distance along axons which have been subjected to demyelination.
Methods
Methods used in the present study were adapted from those of Brill et al. (1977) 
where mj, nj, and hi satisfy the usual differential equations in time (Hodgkin and Huxley, 1952; Fitzhugh, 1962) . Equations were integrated numerically by the Crank-Nicholson method implemented on a PDP 9 computer, as described for unmyelinated fibres by Moore et al. (1975) (L = 2000 ,um) . We composed each of our simulated fibres out of three kinds of segments (see Table for (Table) , and observed the effect on conduction of each of these alternatives.
For a normal fibre (without focal demyelination) every tenth segment contains a node (type ii segment), and the rest are myelin (type i). We modelled focal demyelination by replacing the segment containing the fourth node with a myelin segment, and by replacing the following internode and node with 10 type iii segments. This left a region of non-myelinated axon (D1-D4) equal in length to one normal internode. Distal to this demyelinated region the fibre was (F/cm) 3.14 x 10-9 3.14 x 10-9 L internodal distance5 (tIm) 2000 2000 'All voltage signs are reversed from those of the original HodgkinHuxley formulation. 2Calculated from nodal area of 100 ,Am2 3Calculated from specific axoplasmic resistance of 100 ohm-cm. 4Calculated from capacitance per unit area of 10-1 F/cm2. 5Except proximal to demyelinated regions as indicated in text.
composed of normal internodes and nodes. We designated the three nodes proximal to the demyelinated region "1," "2," and "3," and the nodes distal to the demyelinated region as "4," "5," "6," etc. Simulated fibres were 11 nodes in length, although only the demyelinated region and first six nodes are shown in the Figures.
Fibres were examined with either normal nodal membrane in the demyelinated region (Figs. 1-5) or with Hodgkin-Huxley membrane in this region (Fig. 6 ). We examined the conduction properties of each of these fibres by stimulating with a twicethreshold current for 200 pts at the beginning of the internode before node 1. Conduction delays were measured by noting the time differences for the first 50 mV crossings of action potentials at designated points along the fibre. Rate constants were adjusted to 20°C. In order to model the effect of interposing short internodes proximal to the demyelinated region, we replaced one of the myelin segments between node 3 and the demyelinated region (Di-D4) with a nodal (type ii) segment. Figure 2 shows a representative case: the demyelinated region is made ofnormal nodal membrane, and the new node partitions the preceding internode into two internodes, one with length 1600,sm and one with length 400 pm. We also examined the effect of replacing, with type ii segments, two of the internodal segments between node 3 and the demyelinated region, in order to interpose two short internodes proximal to the demyelinated zone. Representative cases are shown in Figs. 3 to 6 . In all Figures, the new nodes are labelled A and B, and the first, fourth, seventh, and tenth segments of the demyelinated region are labelled DtI-D4. Internodes were designated by reference to their endpoints: thus, internode 2-3 extends between node 2 and node 3, and internode A-D1 extends between node A and point D1.
Results
The effect of focal demyelination at a single internode is shown in Fig. 1 . In the fibre represented, internodes 1-2 (the internode between 1 and 2), 2-3, 3-D1, D4-4, 4-5, 5-6, and all subsequent internodes are normally myelinated (see Table) . The internode between points D1 and D4 is focally demyelinated, with nodal specific membrane properties throughout the demyelinated region. A focally demyelinated fibre, with two 400 /tm internodes interposed before the demyelinated region, is shown in Fig. 4 . Conduction again proceeds into and beyond the demyelinated region. In this case, the delay between excitation of node 3 and of point Di is 0.51 ms, a value considerably shorter than in the previous simulation. Conduction velocity within the demyelinated region is, as in the previous simulation, approximately 1.64 m/s, and conduction proceeds at a normal conduction velocity in the distal myelinated internodes. Figure 5 shows a still larger spacing of the nodes proximal to the demyelinated area; in this case the two proximal internodes closest to the demyelinated region are 600 lsm long. Conduction proceeds into, and past, the demyelinated zone, although invasion time (from excitation of node 3 to point Di) is increased to 0.82 ms. If length of the two internodes proximal to the demyelinated region is increased to 1000 pm, conduction failure occurs at point Di. Thus, the optimal value for internode distances proximal to the demyelinated region, in terms of minimising the time required for invasion ofthe demyelinated region, falls between 200 tim and 600,m, and internode lengths of more than 1000 Ptm will not facilitate invasion of the demyelinated zone.
Since it is also possible (see Discussion) that specific membrane properties in demyelinated regions may be different from those at normal nodes, we examined conduction in focally demyelinated fibres, in which the axon membrane in the demyelinated region had properties of Hodgkin-Huxley (1952) membrane (see Table) . Despite the much higher resistance than at nodal membrane, conduction again failed when the internodes proximal to the demyelinated region were of normal (2000 pm) length.
However, when the proximal internodes closest to the demyelinated region were reduced in length, as shown in Fig. 6 , the impulse invaded, and passed, the demyelinated region. In this case, the delay from excitation of node 3 to excitation of point D1 was 0.42 ms, and conduction velocity in the demyelinated region was approximately equal to that for a uniform fibre with Hodgkin-Huxley membrane propertiesthat is 1.62 m/s. This simulation demonstrates that (a) impulses can propagate through, and beyond, regions of demyelination at which sodium channel density is significantly lower than at normal nodal membrane, but (b) such propagation may require a mechanism for impedance matching in the demyelinated zone, which in the present simulation was provided by reduction in internode length proximal to the site of demyelination. Despite the lower sodium channel density than at nodes of Ranvier, conduction into, and beyond, the demyelinated region occurs. However, as in the simulations shown previously, uninterrupted conduction requires the presence of two short (400 ,um) internodes proximal to the demyelinated zone.
Discussion
The present results, like those ofearlier studies (Koles and Rasminsky, 1972) , indicate that impulse propagation in demyelinated fibres is sensitive to fibre geometry. The present findings further suggest that reduction in internode distance proximal to a demyelinated region may play a role in permitting action potentials to invade, and pass, the demyelinated area. The situation is similar to that described by Revenko et al. (1973) who showed that, because current density is inadequate, an impulse from a myelinated fibre will fail to invade a non-myelinated terminal, unless either the last internode is shorter than the rest, or the terminal has a reduced diameter. In the case of the present simulation, we assumed the presence of a sufficient density of sodium channels in the demyelinated region to support conduction, but nevertheless found that it was necessary to reduce the length of the two proximal internodes closest to the demyelinated region. The two final nodes then exhibited diphasic impulses and fired nearly synchronously, so that current density in the demyelinated region was increased not only as a result of the decreased capacitative and resistive current loss in the shortened internodes, but also as a result of increased current generation. This is similar to the observation by Goldstein and Rall (1974) and by Ramon et al. (1975) that at transitional regions along some inhomogeneous non-myelinated axons close to zones of low safety factor, the action potential may be diphasic and will be generated simultaneously along large regions of the axon. The degree ofinternodal shortening required for invasion of the demyelinated region in our simulations was relatively modest, with reduction to approximately one-third of normal or less being required for propagation into and beyond the demyelinated region. Since safety factor is dependent on temperature (Davis and Jacobson, 1971; Rasminsky, 1973) , it should be noted that the present simulations, like those of Koles and Rasminsky (1972) , were carried out at 200C. Our simulations, like those of earlier workers (Koles and Rasminsky, 1972; Schauf and Davis, 1974) , are based on the assumption that mammalian nodes of Ranvier exhibit specific membrane properties similar to those in amphibian nerve fibres. As noted by Koles and Rasminsky (1972) , the available data suggest that this is not unreasonable. Our own studies (Moore et al., 1978) indicate that conduction velocity in myelinated fibres is far more sensitive to internodal parameters than to the nodal description. Nevertheless, it should be noted that the precise degree of internodal shortening required will, ofcourse, depend on the exact description ofthe myelin and of the membrane properties in the nodes and demyelinated area. Our results are similar to those of Revenko et al. (1973) in indicating that increasing the resistivity of the demyelinated axon membrane did not effectively promote conduction into the demyelinated region. As in normal fibres (Moore et al., 1978) , conduction properties in demyelinated fibres appear to be quite sensitive to internodal structure.
Internode distances are reduced, compared to those in peripheral fibres, in some preterminal fibres in the normal central nervous system (Waxman, 1970 (Waxman, , 1975 . At these sites, the changes in internode distances may permit axons to function as delay lines (Waxman, 1975) or may function so as to modulate invasion of axonal terminals (Waxman, 1972; Revenko et al., 1973) .
Several ultrastructural studies have shown that internode distances may also be substantially reduced along central remyelinated axons (Suzuki et al., 1969; Gledhill et al., 1973) . The present results suggest that the reduced internode distances might function so as to facilitate conduction past focally demyelinated regions. It should be emphasised in this context that several lines ofevidence suggest that, in normal fibres, sodium channels are present at higher density at the nodes of Ranvier than in the internodes (Ritchie and Rogart, 1977; Waxman, 1977 ). An explicit assumption of the simulations shown in Figs. 1 to 5 is that normal nodal sodium channel densities develop at the newly formed nodes and over demyelinated regions of the axolemma. While there is, at present, little evidence directly bearing on the question of sodium channel density at newly formed nodes, there is some evidence for normal or near normal physiological function of newly formed nodes in remyelinated fibres (see Rasminsky, 1978) . It should be noted, however, that invasion of a demyelinated region with lower values of sodium conductance than at normal nodes is also possible if there is a reduction in length of the proximal internodes (see Fig. 6 ). Cytochemical studies in dystrophic mice suggest, in fact, that ionic channel densities along the amyelinated regions of ventral root axons may be lower than at normal nodes of Ranvier .
Longitudinal current analyses, which show a transition from saltatory to continuous conduction along some ventral root fibres demyelinated with diphtheria toxin (Bostock and Sears, 1976) (Rasminsky et al., 1977) .
Our previous studies (Brill et al., 1977) showed that substantial reductions in internode distance are associated with decreased axonal conduction velocity. Several authors, however, have suggested that clinical deficits in multiple sclerosis may be primarily related to conduction failure, rather than to slowing of conduction (see, for example, Rasminsky, 1973; Halliday and McDonald, 1977) . It has been suggested that the demyelinated axon membrane may exhibit structural plasticity (Ritchie and Rogart, 1977; Waxman, 1977) . If this is the case, reduction in internode distances along remyelinated fibres might play a role in promoting functional recovery as a result of facilitation of uninterrupted transmission along affected axons, despite the prolonged conduction time. As in the normal central nervous system (Waxman, 1975) , matching of internode distances to functional requirements may be of considerable importance. This conclusion may be relevant to the search for agents which initiate, and control, remyelination in multiple sclerosis. 
